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Pathology of the Vulnerable Plaque
enu Virmani, MD,* Allen P. Burke, MD,* Andrew Farb, MD,† Frank D. Kolodgie, PHD*
aithersburg and Rockville, Maryland
The majority of patients with acute coronary syndromes (ACS) present with unstable angina,
acute myocardial infarction, and sudden coronary death. The most common cause of coronary
thrombosis is plaque rupture followed by plaque erosion, whereas calcified nodule is
infrequent. If advances in coronary disease are to occur, it is important to recognize the
precursor lesion of ACS. Of the three types of coronary thrombosis, a precursor lesion for
acute rupture has been postulated. The non-thrombosed lesion that most resembles the acute
plaque rupture is the thin cap fibroatheroma (TCFA), which is characterized by a necrotic
core with an overlying fibrous cap measuring 65 m, containing rare smooth muscle cells
but numerous macrophages. Thin cap fibroatheromas are most frequently observed in patients
dying with acute myocardial infarction and least common in plaque erosion. They are most
frequently observed in proximal coronary arteries, followed by mid and distal major coronary
arteries. Vessels demonstrating TCFA do not usually show severe narrowing but show positive
remodeling. In TCFAs the necrotic core length is approximately 2 to 17 mm (mean 8 mm) and
the underlying cross-sectional area narrowing in over 75% of cases is 75% (diameter stenosis
50%). The area of the necrotic core in at least 75% of cases is3 mm2. These lesions have lesser
degree of calcification than plaque ruptures. Thin cap fibroatheromas are common in patients with
high total cholesterol (TC) and high TC/high-density lipoprotein cholesterol ratio, in women
50 years, and in those patients with elevated high levels of high sensitivity C-reactive protein.
It has only recently been recognized that their identification in living patients might help reduce
the incidence of sudden coronary death. (J Am Coll Cardiol 2006;47:C13–8) © 2006 by the
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.10.065American College of Cardiology Foundation
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9atients with acute coronary syndromes (ACS) present with
nstable angina, acute myocardial infarction, and sudden
oronary death. Most of the ACS are thought to be the
esult of sudden luminal thrombosis (1–5). Luminal throm-
osis occurs from three different pathologies: plaque rup-
ure, erosion, and calcified nodules. Plaque rupture is
efined as a lesion consisting of a necrotic core with an
verlying thin ruptured fibrous cap that leads to luminal
hrombosis because of contact of platelets with a highly
hrombogenic necrotic core. Plaque erosion shows a luminal
hrombus with an underlying base rich in proteoglycans and
mooth muscle cells with minimal inflammation. Most
rosion lesions are devoid of a necrotic core, but when
resent, the core does not communicate with the lumen
ecause of a thick fibrous cap. The least common of all
esions is the calcified nodule. The calcified nodule shows an
nderlying calcified plate with superimposed bony nodules
hat result in discontinuity of the fibrous cap and is devoid
f endothelial cells with overlying luminal thrombus.
We have examined over 400 cases of sudden death that
ave been published in the last 15 years highlighting
ifferences in type of thrombi; influence of race, age, and
ender; and the role of risk factors on plaque morphologies
1–12). The frequency of thrombi in sudden death is 60%
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ccepted October 24, 2005.ith underlying etiology in 55% to 60% plaque rupture, in
0% to 35% plaque erosion, and in 2% to 7% calcified
odule. In the case of myocardial infarction, an autopsy
tudy has shown that only 20% to 25% of acute myocardial
nfarcts occurring in hospitalized patients are due to plaque
rosion (13). In both acute myocardial infarction and
udden death, plaque erosion occurs primarily in patients
nder the age of 50 years and represents the majority of
cute coronary thrombi in premenopausal women. In
omen older than 50 years, 80% of coronary thrombi occur
rom plaque rupture; when they occur in women younger
han 50 years, there is a strong association with hyperlipid-
mia. Plaque ruptures occur in men at all ages, but, as is the
ase with all types of thrombosis, their relative incidence in
udden coronary death decreases with advancing age. In
0% of sudden coronary death patients, no acute thrombi
re observed; however, healed infarction and total occlusions
re observed in the vast majority with only 15% dying of
evere coronary narrowing in the presence or absence of
ardiomegaly.
LAQUE RUPTURE AS THE BASIS OF ACS
t has been postulated that thin cap fibroatheroma (TCFA),
hich resemble the plaque rupture in morphology, are the
recursor lesion of plaque rupture. A necrotic core charac-
erizes plaque rupture with an overlying thin-ruptured cap
nfiltrated by macrophages (Fig. 1). Smooth muscle cells
ithin the cap are absent or few. The thickness of the
brous cap near the rupture site measures 23 19 m, with
5% of the caps measuring 65 m (1). It has been
bserved that some plaques at other sites in the coronary
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Pathology of the Vulnerable Plaque April 18, 2006:C13–8ree resemble the rupture plaque but lack a luminal throm-
us: these lesions have been designated as TCFA or
ulnerable plaques (4). The term vulnerable plaque should be
eserved for plaques that resemble all three causes of luminal
hrombosis, and these morphologies include TCFA, patho-
ogic intimal thickening, thick cap fibroatheroma, and
alcified plaque with luminal calcified nodules.
The TCFAs differ from ruptured plaques (Table 1, Fig.
), by having a smaller necrotic core (statistically different
rom ruptured plaques), less macrophage infiltration of the
brous cap, and less calcification. We have quantitated, in
ross sections of coronary arteries with various types of
laques, the size of the necrotic core, the proportion of the
esion composed of cholesterol clefts, the percent macro-
hage infiltration of the fibrous cap, the number of vasa
asorum within the atherosclerotic plaque, and the number
f hemosiderin-laden macrophages (Table 2). The numbers
f cholesterol clefts in the necrotic core, vasa vasorum, and
emosiderin-laden macrophages were significantly greater
n the ruptured plaques than in erosion or stable plaques
ith 75% cross-sectional luminal narrowing. Significant
ifferences between rupture and TCFAs were only seen for
ecrotic core size, macrophages, and hemosiderin infiltra-
ion. Plaque hemorrhages are more common at other sites of
he coronary tree in cases with plaque ruptures than in
earts from patients dying with severe coronary disease
ithout acute ruptures. The mean number of hemorrhages
n the coronary tree of patients with plaque rupture was 2.5
1.3 versus none in erosion and 0.05  0.6 in stable
laques (4). Evidence of prior hemorrhage in TCFA, when
nalyzed by glycophorin A staining, is significantly greater
igure 1. Coronary plaque rupture. (A) Low-power view of a circumfere
ith numerous cholesterol clefts. There is a focal disruption of a thin fib
Abbreviations and Acronyms
ACS  acute coronary syndromes
CRP  C-reactive protein
HDL  high-density lipoprotein
MPO  myeloperoxidase
TC  total cholesterol
TCFA  thin cap fibroatheroma20). (B) High-power view of the rupture site showing fibrous cap disrupti
ecrotic core (Movat Pentachrome, 400).han in early or late fibroatheromas and correlates with both
he necrotic core size and extent of macrophage infiltration.
OCATION, LENGTH, AND PERCENT
UMINAL NARROWING OF THE TCFA
n a detailed morphometric analysis of ruptured plaques, 80%
f necrotic cores were larger than 1.0 mm2, and in nearly 90%,
he lipid core comprised 10% of the plaque area (Fig. 3).
urthermore, almost 65% of plaque ruptures had25% area of
he plaque occupied by the necrotic core. In contrast, nearly
5% of TCFA have 10% area of the plaque occupied by
ecrotic core. The mean cross-section area narrowing of the
CFA is 71%, and most have 10% to 25% of the cross
ectional area occupied by a necrotic core. The length of the
ecrotic core in ruptures and TCFAs is similar, varying from 2
o 22.5 mm, with mean of 8 and 9 mm, respectively (Table 3) (6).
In 38 hearts with severe coronary luminal narrowing, in
hich the coronary arteries had been serially cut from coronary
stium to intramyocardial location, the mean luminal narrow-
ng was least in sections with thin cap atheroma (59.6%),
ntermediate for hemorrhage into a plaque (68.8%), and
ighest in plaque rupture (73.3%) or healed plaque rupture
72.8%) (6). Overall, approximately 75% of the arteries showed
75% cross-sectional luminal-narrowing, indicating that sites
ith 50% diameter stenosis are the most useful for the
etection of vulnerable plaque. Over 50% of the TCFAs occur
n the proximal portions of the major coronary arteries, left
nterior, left circumflex and the right, and another one-third in
he mid portion of these arteries, and the rest are distributed in
istal segments (5). A similar distribution is found in ruptures
nd healed plaque ruptures.
OLE OF MONOCYTE
NFILTRATION OF THE OCCLUSIVE THROMBUS
he rupture of the fibrous cap allows platelets and inflamma-
ory cells to come in contact with the thrombogenic substrate,
he necrotic core. Before the report of Nemerson et al. (14), the
ore was thought to be the main source of the tissue factor. It
s now believed that circulating monocytes, instead of plaque
coronary plaque with fibrous cap rupture. Note the large necrotic core
cap (arrow) with an occlusive luminal thrombus (Movat Pentachrome,ntial
rouson (arrows); the thrombus shows communication with the underlying
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Mean values represent  SD. Reprinted, with permission, from Kolodgie et al. (5).
SMC  smooth muscle cell; TCFA  thin cap fibroatheroma.
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April 18, 2006:C13–8 Pathology of the Vulnerable Plaqueigure 2. Thin-cap fibroatheroma. (A) Low-power view of an eccentric coronary plaque showing a thin fibrous cap overlying a relatively large necrotic core;
he vessel was injected with barium (Movat Pentachrome, 20). (B) Immunohistochemical staining reveals numerous CD68-positive macrophages within
he fibrous cap (rose-red reaction product, 400). (C) Shows a cellular-rich thin fibrous cap with cholesterol clefts. (D) Staining for alpha-actin positiveable 1. Morphologic Characteristics of Plaque Rupture and TCFA
Plaque Type
Necrotic Core,
%
Fibrous Cap
Thickness, m
Macrophages,
%
SMCs,
% T-Lymphocytes
Calcification
Score
upture (n  25) 34  17 23  19 26  20 0.002  0.004 4.9  4.3 1.53  1.03
CFA (n  15) 23  17 65 14  10 6.6  10.4 6.6  10.4 0.97  1.1
value 0.05 — 0.005 ns ns 0.014mooth muscle cells within the fibrous cap was virtually negative (400). (Reproduced with permission from Kolodgie FD, Virmani R, Burke AP, Farb
, et al. Pathologic assessment of the vulnerable human coronary plaque. Heart 2004;90:1385–91.)able 2. Comparison of the Size of the Necrotic Core, Number of Cholesterol Clefts, Macrophage Infiltration, Number of Vasa
asorum, and Hemosiderin-Laden Macrophages in Plaque Rupture, TCFAs, Erosion, and Stable Plaques
Plaque Type
Necrotic Core,
%
No. of Cholesterol
Clefts, %
Macrophage Infiltration,
Fibrous Cap, % Mean Vasa Vasorum
Mean Hemosiderin
Laden Macrophages
upture (n  25) 34  17*† 12  12‡§ 26  20¶# 44  22**††‡‡ 18.9  11§§ ¶¶
CFA (n  15) 24  17 8  9 14  10 26  23** 4.4  3.6§§
rosion (n  16) 14  14* 2  5‡ 10  12¶ 28  18†† 4.3  4.7 
table (n  19) 12  25† 4  6§ 3  0.7# 13  9‡‡ 5.0  9.3¶¶
eprinted, with permission, from Virmani et al. (4). *p  0.003. †p  0.01. ‡p  0.002. §p  0.04. p  0.005. ¶p  0.0001. #p  0.0001. **p  0.07. ††p  0.02. ‡‡p 
.01. §§p  0.001.  p  0.0001. ¶¶p  0.03.
TCFA  thin cap fibroatheroma.
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Pathology of the Vulnerable Plaque April 18, 2006:C13–8acrophages, supply tissue factor that trigger and propagate
cute thrombi overlying unstable coronary atherosclerotic
laques. We have shown that monocyte infiltration of the
hrombus correlates with the presence of an occlusive throm-
us (7). Monocytes and neutrophils were identified in the
brous cap by myeloperoxidase (MPO) staining. In clots,
cclusive thrombi have greater density of CD68-positive mac-
ophage (15.7  12.5% vs. 3.0  2.7%, p  0.05) and
PO-positive monocytes (12.2  7.5% vs. 5.0  2.7%, p 
.006) and neutrophils (2.9  3.4% vs. 0.36  0.50%, p 
.03) than in non-occlusive thrombi. Similarly, the length of
he thrombus showed a positive correlation with the intra-clot
ensity of macrophages (p 0.004) and MPO positive cells (p
0.04). In the disrupted fibrous cap the density of MPO-
ositive cells was greater in occlusive (5.5%) versus non-
cclusive (0.9%); this association was similar for neutrophils
0.7% vs. 0.4%) but not for total CD68-positive macrophages
13% vs. 20%) (7).
The precise role of MPO in triggering acute coronary
hrombosis is unclear. In addition to providing a pro-oxidant
ilieu and increasing oxidized low-density lipoprotein choles-
erol, there is evidence that macrophage MPO might be
esponsible for the disruption of the fibrous cap by production
ypochlorous acid (8).
LAQUE EROSION AS THE BASIS OF ACS
laque erosion is defined as an acute thrombus in direct contact
ith the intima, in an area of absent endothelium (Fig. 3). The
ntimal plaque underlying plaque erosion is rich in smooth
uscle cells and proteoglycan matrix (9). We speculate that
oronary vasospasm might be involved in the pathophysiology
f erosion. This hypothesis is based on the observation that
here is lack of endothelium and the media in these segments
s intact and is thicker than at sites of plaque rupture (15).
here are usually few or absent macrophages and lymphocytes
n plaque erosions. The lesions tend to be eccentric and are
nfrequently calcified. The underlying plaque in erosions con-
ists of pathologic intimal thickening or fibrous cap atheroma.
he most frequent location for both erosion and rupture is the
roximal left anterior descending artery (66%) followed by the
ight (18%) and the left circumflex (14%). Single (56%) vessel
isease is twice as frequent as double vessel (26%) disease.
laque erosions tend to embolize more frequently than plaque
upture (74% vs. 40%, respectively) (10).
Plaque erosion accounts for 20% of all sudden deaths or
0% of coronary thrombi in patients dying suddenly with
oronary artery atherosclerosis (1,3,4). The risk factors for
rosion are poorly understood and are different from those of
upture. Consistently, plaque erosion is associated with smok-
ng, especially in women. On average, patients are younger
han those with plaque rupture, and there is less severe
arrowing at sites of thrombosis. Plaque erosion accounts forigure 3. Coronary plaque erosion. (A) Shows a low-power view of a
oronary artery obstructed by a luminal thrombus (Th) with no established
ommunication with the deep underlying plaque consistent with plaque
rosion (Movat Pentachrome, 20). The plaque substrate shows a large
ipid pool (Lp) with superficial smooth muscle cells and proteoglycans
bluish-green stain). (B) Eroded lesions with a necrotic core (Nc). There
s a non-occlusive luminal thrombus with partial organization. (C) High-
ower view of the plaque/thrombus (Th) interface in the lesion shown in
anel A, showing an absence of endothelium and a substrate rich in
mooth muscle cells and proteoglycan matrix (400). (Figure 3A is
eproduced form Kolodgie FD, Burke AP, Farb A, et al. Arherioscler
hrom Vasc Biol 2002;22:1642–8. Figures 3B and 3C are reproduced with
ermission from Kolodgie FD, Burke AP, Wight TN, et al. Curr Opinver 80% of thrombi occurring in women 50 years of age.
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April 18, 2006:C13–8 Pathology of the Vulnerable PlaqueALCIFIED NODULE AS THE BASIS OF ACS
he least frequent lesion of thrombosis shows a plaque that is
eavily calcified consisting of calcified plates and surrounding
rea of fibrosis in the presence or absence of a necrotic core
Fig. 4). The luminal region of the plaque shows presence of
reaks in the calcified plate, bone formation, and interspersed
brin with a disrupted surface fibrous cap and an overlying
hrombus. There is often fibrin present in between the bony
picules along with osteoblasts and osteoclasts and inflamma-
ory cells (4). It is more common in older male individuals than
omen. We believe that these lesions are commoner in the
arotid arteries than the coronary and might be related to the
requent occurrence of plaque hemorrhage.
ORONARY CALCIFICATION
oronary calcification correlates highly with plaque burden,
ut its effect on plaque instability is less evident. The earliest
alcification in coronary lesions occurs in apoptotic smooth
uscle cells, which form membrane-bound vesicles that
ctively calcify. With coalescence of microscopic calcium
eposits, large granules and plates of calcium form that can
e visualized by standard imaging techniques. Calcification
f coronary arteries increases with aging of the population,
nd women show a 10-year lag compared with men, with
qualization by the 8th decade (11). In a series of sudden
eath cases, over 50% of TCFA showed a lack of calcifica-
ion or only speckled calcification on postmortem radio-
raphs of coronary arteries (12). In the remaining lesions,
Table 3. Approximate Sizes of Necrotic Core
and Acute Plaque Rupture
Dimension
Fibrous Cap Atheroma
(n  17)
Mean length, mm (range) 6 (1–18)
Necrotic core area, mm2 1.2  2.2
Necrotic core, % 15  20
Reprinted, with permission, from Burke et al. (11).igure 4. Calcified nodule. (A) Low-power view coronary artery showing a h
entachrome, 20). (B) Higher-power view of the plaque surface of the lesionalcification was almost equally divided into fragmented or
iffuse, suggesting a large variation in the degree of calcifi-
ation within the “TCFA.” In contrast, 65% of acute
uptures show speckled calcification, with the remainder
howing fragmented or diffuse. Plaque erosion is almost
evoid of calcification or, when present, there is only
peckled calcification. Calcified nodules are lesion with the
reatest amount of calcification relative to plaque area with
ven bone formation. This type of lesion, however, only
arely triggers thrombosis and tends to occur in the right or
eft anterior descending coronary artery of older individuals
4). It has been reported that calcification is greater in
udden coronary death victims than in those dying with
cute myocardial infarction or unstable angina in arteries
ith 76% to 100% cross-sectional luminal narrowing
16,17). In our experience, however, calcification is depen-
ent on the age of the patient in sudden coronary death
ictims; radiographic coronary calcification is present in
6% of men and women under the age of 40 years, 79% of
en and women ages 50 to 60 years, and 100% of those
lder than 60 years (11). For women, the degree of
alcification shows a 10-year lag compared with that of men,
ith equalization by the eighth decade (11).
ORRELATION OF RISK
ACTORS WITH ACS PATHOLOGY
e have reported our findings relating coronary plaque mor-
hology and risk factors in sudden coronary death. Thin-cap
broatheroma, Thin Cap Atheroma,
Plaque Type
in Cap Fibroatheroma
(n  10)
Acute Plaque Rupture
(n  15)
8 (2–17) 9 (2.5–22)
1.7  1.1 3.8  5.5
23  17 34  17in Fi
Theavily calcified eccentric plaque with eruptive calcified nodules (Movat
in A, showing eruptive nodules with accumulated fibrin (400).
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Pathology of the Vulnerable Plaque April 18, 2006:C13–8broatheromas are a frequent finding in men dying suddenly
ith coronary thrombosis and are most frequent in patients
ith high total cholesterol (TC) and TC/high-density lipopro-
ein (HDL) cholesterol ratio (210 mg/dl and TC/HDL
holesterol ratio5) (1). The incidence of TCFA in women is
ost frequent in women50 years and also in those with TC
210 mg/dl (2). Smoking shows a positive correlation with
resence of thrombosis in sudden coronary death and more so
n women patients with plaque erosion as compared with
upture (2). Plaques of premenopausal women demonstrate
elatively little necrotic core and calcification compared with
ost-menopausal women and men, which might be because of
he relatively high rate of plaque erosion in young women (2).
nother risk factor that has been reported to predict the
evelopment of ACS is C-reactive protein (CRP) (lower limit
f normal is3 mg/ml). The increased relative risk of sudden
ardiac death associated with CRP is seen only in those in the
ighest quartile, who were at a 2.78-fold increased risk of
udden cardiac death (95% confidence interval 1.35 to 5.72)
ompared with men in the lowest quartile (18). We have
hown that the median CRP was significantly higher in sudden
oronary death victims dying of plaque rupture, erosion, or
table plaque than control subjects dying of noncoronary
onditions (control CRP 1.4 g/dl vs. sudden death 2.7 g/dl,
 0.0001), and by multivariate analysis, log-transformed
RP levels were associated with plaque burden (p  0.03),
ndependent of age, gender, smoking, and BMI (19). Immu-
ohistochemically, CRP was localized to necrotic core and
acrophages and was strongest in patients with high CRP as
ompared with those with low CRP. In addition, mean
umber of thin-cap atheromas was most frequent (3.0  0.3)
n patients with high CRP than in those with lower CRP (0.95
0.22) (19).
ONCLUSIONS
he TCFA has been postulated to be the precursor lesion of
laque rupture and is most frequently observed in patients
ying with acute plaque rupture and least frequent in plaque
rosion. It usually occurs with lesions showing50% diameter
tenosis and is mostly observed in the proximal left anterior
escending, left circumflex, and right coronary arteries, fol-
owed by mid and is least frequent in distal coronary arteries.
hin-cap fibroatheroma lesion differ from plaque ruptures in
hat they have smaller necrotic core, less macrophage infiltra-
ion of the thin-fibrous cap that is 65 m in thickness and
re less calcified. Risk factors include high TC, low HDLs, a
igh TC/HDL ratio, and a high high-sensitivity CRP level;
owever, the direct relationship between TCFA and plaque
upture needs to be proven in prospective randomized clinical
rials once we have modalities to recognize the lesion by
nvasive or non-invasive means.eprint requests and correspondence: Dr. Renu Virmani,
VPath, International Registry of Pathology, 19 Firstfield Road,
aithersburg, Maryland 20878. E-mail: rvirmani@cvpath.org.
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